Summary.
Artificial fat emulsion was injected into mice and their uptake by the liver was observed electron microscopically.
At 5min after the injection, Kupffer cells took up lipid particles by pinocytosis, but no liver cells showed a sign of lipid uptake.
At 30 and 60min after the injection, numerous reticulum, smooth endoplasmic reticulum proper and Golgi apparatus of the liver cells. The particles were also found in the space of Disse. At 6hrs after the injection, the parIt was suggested that the injected lipids were taken into the liver cells by simple diffusion after hydrolysis and incorporated into lipoproteins which were secreted into the circulation.
A large volume of biochemical and physiological literature indicates that the liver plays a significant role in fat metabolism.
The fats given to animals as a food stuff, after digestion and absorption in the alimentary canal, appear as chylomicra in the blood plasma and most of them are rapidly taken up by the fat tissue and the liver.
Between 30 and 50% of the uptake occurs in the liver (ROBINSON, 1964) . In the next step, it is suggested that the liver produces lipoproteins and discharges them into the circulation. An important problem, however, still remains as to the lipid uptake by the liver cells (FAWCETT, 1964) . Some authors have inferred that the liver cells ingest the chylomicra directly by pinocytosis from their surface facing the sinusoid (ASHWORTH, STEMBRIDGE and SANDERS, 1960; PARKS, 1962; OLIVECRONA, 1962a) , while others have held that the chylomicra are hydrolyzed into fatty acids and glycerols by the lipoprotein lipase present in the blood plasma and then diffusion into the liver cell occurs (BELFRAGE, 1966; STEIN and STEIN, 1967) . Recently artificial fat emulsions have been used for patients to provide high caloric intake after surgery.
It has been shown that fat particles are removed rapidly from the circulation after an intravenous administration of the emulsion and that low density lipoproteins appear in several minutes (KINSELL, MICHAELS and IMAICHI, 1965) . However, the detailed mechanism of fat uptake by the liver after artificial fat administration has remained obscure. The present study was carried out to elucidate this problem by means of electron microscopy.
Materials and Methods
Fifteen male mice weighing 15-25g were used for the present study. The animals were fasted overnight prior to the experiment.
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The fat emulsion used was Fatgen, supplied by Dainippon Seiyaku Co., Osaka, containing 20% sesame oil, 0.2% soya lecithins, 0.4% dl-methionine, 5% dextran and 8% sorbitol. Fig. 1 . Sinusoidal portion of the liver 5min after the injection. Injected fat particles (arrows) are seen in the sinusoidal lumen (Si) and in the space of Disse (DS). Some of the particles are rate of 0.2ml per minute. The mice were sacrificed 5, 30 and 60min and 6hrs after the injection.
Small pieces of the liver were removed and fixed for 2hrs in 1% osmium tetroxide buffered with 0.1M phosphate at pH 7.4 (MILLONIG, 1962 which non-cellular components of blood can pass freely into the space of Disse (Fig. 1) . The liver cells with irregular microvilli face the narrow space of Disse. Fat particles introduced into the circulation can be readily seen both in the sinusoidal lumen and in the space of Disse (Fig. 1) . They are usually round, clear projections singly or in clusters and confined to membrane-bounded vacuoles in their cytoplasm (Fig. 1) . However, the liver cells do not show any sign of direct uptake of fat. There is no increase in pinocytotic pits containing the fat particles on the surface membrane of liver cells and the surface area contains no vesicle with enclosed fat particles that could be derived from the pits. Figure 2 shows a part of supranuclear cytoplasm of the liver cell in the same period. Round microbodies which have a dense core or nucleoid, and numerous mitochondria of various shapes are distributed throughout the cytoplasm. Rough endoplasmic reticulum shows parallel arrays of flattened cisternae.
Occasionally the ends of cisternae are elongated and contain somewhat flocculent materials in their cavity.
Vesicular elements of smooth endoplasmic reticulum appear in the area of the Golgi apparatus.
The Golgi apparatus is located in the juxtanuclear portion or near the bile canaliculi. Lysosomes mostly occur near the bile canaliculi or the Golgi apparatus. Fig. 3 . Supranuclear portion of the liver cell 30min after the injection. Numerous osmiophilic particles (arrows) are seen in the terminal ends of the cisternae of rough endoplasmic reticulum and 2. Thirty and sixty minutes after injection of fat emulsion These two groups are described together since the changes observed were essentially the same.
The most remarkable change in these stages is marked increase in number of osmiophilic particles in the liver cell cytoplasm (Fig. 3, 4) . The vesicular elements of smooth endoplasmic reticulum are increased in number and contain numerous osmiophilic particles. These particles occasionally occur in the smooth surfaced ends of the cisternae of rough endoplasmic reticulum (Fig. 3 ). Although they are variable diameter.
They usually occur singly, not in cluster, in the element of endoplasmic reticulum.
The Golgi apparatus is increased in size and numerous vacuoles of varying sizes derived from its dilated elements are distributed near the bile canaliculi (Fig. 5) . These vacuoles also contain many osmiophilic particles of the same sizes as seen in the endoplasmic reticulum but particles of this nature are never noted within the bile capillaries.
The osmiophilic particles are occasionally found in the cytoplasm near the cell surface and also in the space of Disse between the microvilli of the liver cells (Fig. 6,  7 ).
are frequently found in the cytoplasm of liver cells and they appear to increase moderately both in number and size as the time passed (Fig. 6, 7) . However, there is no evidence that the osmiophilic particles are fused into these lipid droplets of large size.
Mitochondria and microbodies do not show any quantitative change, but lysosomes appear to be increased moderately in number in the Golgi area.
Six hours after injection of fat emulsion
In the liver cell cytoplasm, the osmiophilic particles are no more found in the endoplasmic reticulum and the space of Disse except for a few remnants in the Golgi area (Fig. 8) . However, numerous lipid droplets of large sizes are deposited in the limiting membrane and occasionally make a close contact with mitochondria (Fig. 8,  inset) .
In the Kupffer cell cytoplasm, there are large membrane bounded dense bodies near the Golgi apparatus (Fig. 9) . The dense bodies are variable in number from cell to cell and the larger ones are usually spherical or oval in shape. Their finely granular matrix exhibits a very dense and dark texture.
Sometimes sequested fat particles are seen in these bodies, where they might be undertaken to become the digesting phagosomes by the lytic process of lysosome. 
Discussion
The mechanism of lipid uptake by various cells has been the concern of a number of investigators.
In the intestinal epithelium, orally ingested lipids are absorbed and appear as triglycerides (chylomicra) in the circulation.
Some authors have the opinion that the intestinal epithelium absorbs the lipid by direct uptake (pinocytosis) from the gut lumen (PALAY and KARLIN, 1959; PALAY and REVEL, 1964) PARKS (1962 ) and TROTTER (1964 observed an increased number of osmiophilic particles in the liver cell cytoplasm and in the space of Disse after partial hepatectomy or fat meal ingestion and they considered these particles to be lipid being absorbed from the circulation by pinocytosis. These particles, which are in the range of about of certain pathological conditions (BIAVA, 1964; NOVIKOFF, ROHEIM and QUINTANA, 1964; BRUNI and PORTER, 1965; BAGLIO and FARBER, 1965; ASHWORTH, et al., 1965) .
Several authors inferred that the particles in question were secretory products (lipoproteins) which were synthesized by the liver for export (FAWCETT, 1955; CHANDRA, 1963) . Recently, JONES et al. (1967) and HAMILTON et al. (1967) have isolated the particles after fatty acid administration and suggested that they are low density lipoproteins secreted by the liver.
In the present study, although Kupffer cells actively took up the injected lipid by pinocytosis, the liver cells did not show any morphological evidence of direct uptake at the cell surface at any time after the injection. No sooner than 30min after the injection numerous osmiophilic particles which were similar to those mentioned above appeared in the liver cell cytoplasm and later increased.
From these observations, it seems reasonable to consider that they are formed in the liver cell cytoplasm (lipoproteins) and the injected lipid has been taken into the liver cells by simple diffusion after hydrolysis by lipolytic enzymes. Recently, FELTS and MAYES (1965), and FELTS (1965) glycerides are hydrolyzed at this site, then taken up by simple diffusion (MOSKOWITZ and MOSKOWITZ, 1965; BLANCHETTE-MACKIE and SCOW, 1971) . Though some plasma lipoproteins may be synthesized in the intestine, there is general agreement that the liver is the main site of their formation (STEIN and SHAPIRO, 1959; LAURELL, 1959; HAVEL, FELTS and DUYNE, 1962; OLIVECRONA, 1962b) .
The enzymes necessary for the synthesis of triglycerides in the liver are mostly present in the microsome fraction (WEISS, KENNEDY and KIYASU, 1960; TZUR and SHAPIRO, 1964) , which corresponds to the endoplasmic reticulum (PALADE and SIEKEWITZ, 1956) . But this biochemical evidence is not valid to determine whether the enzymes are located in the smooth or rough endoplasmic reticulum.
It is suggested that the smooth endoplasmic reticulum is the site of synthesis of triglycerides in the intestinal epithelium since they proliferate as fat is absorbed (CARDELL, philic particles being formed mainly within the vesicles of the smooth endoplasmic reticulum.
However, low but distinct activities of enzymes involved in the triglyceride synthesis have been found in the soluble fraction of the cytoplasm (STEIN and SHAPIRO, 1959) and these enzymes may possibly serve in the formation of the free cytoplasmic lipid droplets which are not enclosed by a membrane. The possibility that a number of the osmiophilic particles may coalesce and form the large cytoplasmic droplets as suggested by BAGLIO and FARBER (1965 ), TROTTER (1964 and HAMILTON et al. (1967) , could not be supported in the present study. It has been also suggested that the enzymes necessary for lipid synthesis might be located on both sides of the membrane of endoplasmic reticulum, thereby allowing fat synthesis to go on simultaneously in the lumen of the endoplasmic reticulum and toward the cytoplasmic matrix (STRAUSS, 1966) . These explanations, however, have not been confirmed by any experiment so far.
Whether the endoplasmic reticulum which contains the enzymes necessary for triglyceride synthesis is generated during fat absorption is not clear at present. The apparent increase of smooth endoplasmic reticulum in this observation might suggest the formation of new membrane necessary for triglyceride synthesis, but some authors have considered that the smooth endoplasmic reticulum increases by the loss of ribosomes of the rough endoplasmic reticulum (CARDELL, BADENHAUSEN and PORTER, 1967 has been shown to increase (RUDERMAN et al., 1968) and if the animals are treated with the inhibitor of protein synthesis, such as puromycin (ROBINSON and SEAKINS, 1962) , the formation of lipoproteins is blocked and fatty liver is evoked. Such a protein seems in all likelihood synthesized like other proteins, in the rough endoplasmic reticulum.
In the present study, the swelling of rough endoplasmic reticulum and the appearance of flocculent materials in its cavity soon after injection seems to indicate an increased protein synthesis.
smooth endoplasmic reticulum, they are frequently present at the junction of smooth and rough endoplasmic reticulum, where the protein may conjugate with triglycerides to form lipoprotein particles.
In this study, fatty liver occurred 6hrs after the injection. This might be caused by the extremely rapid rate of lipid synthesis compared with the rate of sythesis of the protein moiety followed by deposition of triglycerides as large lipid droplets in the liver cell.
Lipoprotein particles have been observed prominently in the Golgi vacuoles of the liver cell 30min after the injection. CLAUDE (1970) 1962), it seems reasonable that also in the liver cell the carbohydrates are added to the lipoproteins in the Golgi apparatus, thus the recurring passage of lipids through this organelle before export. Within 30min after the injection, many osmiophilic particles have been observed in the peripheral cytoplasm of liver cells and the space of Disse. All these particles in the space of Disse are devoid of an enclosing membrane which surround them in the liver cells. Implicated from this is that the enclosing membrane opens to the extracellular space through the plasma membrane, and thereby discharges the lipoproteins to the space of Disse.
The role of the Kupffer cells in the lipid metabolism has been debated. Several investigators have suggested that the Kupffer cells may have a significant role in the uptake and metabolism of lipid from the circulation (MURRAY and FREEMAN, 1951) .
However, the present study showed that the lipid which was taken up by the Kupffer cells was segregated by a limiting membrane and processed to the cytolysosome, showing no feature suggesting an active role in lipid metabolism.
In an attempt to explain the observations, a schematic representation is proposed on the process of lipid uptake in the liver after administration of fat emulsion (Fig. 10) .
The lipid particles introduced into the circulation are hydrolysed to fatty acids and glycerols by the lipolytic enzymes in the blood plasma or on the endothelial surface of the sinusoids. Then they are taken up by the liver cells by simple diffusion. On the contrary, the Kupffer cells directly take up the lipid particles by pinocytosis. In the liver cell cytoplasm, triglycerides are synthesized and released into the cavity of smooth endoplasmic reticulum in association with proteins which are formed by rough endoplasmic reticulum.
These complexes (lipoproteins) are transported to the vacuoles of the Golgi apparatus.
The Golgi vacuoles containing these complexes migrate to the surface of the liver cells and release their contents into the space of Disse.
